Abstract. The use of optical coherence tomography (OCT) for imaging skin during cryosurgery is evaluated. OCT provides high spatial resolution (5-10 m) images of optical backscattering due to local variations in refractive index, such as the boundary between liquid and frozen water in tissue. Time resolved OCT images were acquired during freezing of water, Intralipid™, and in vivo hamster skin. Subsurface morphological changes were evident only during freezing of Intralipid and skin. A simple thermal model was applied which predicted freezing times on the same order of magnitude as those observed in OCT images. OCT can be used as a feedback tool during cryosurgical procedures to monitor progression of the freezing front.
Introduction
Cryosurgery is a technique used for destruction of malignant lesions in the breast, 1,2 prostate, 3 liver, 4, 5 and skin. 6 Real time localization of the freezing front boundaries is essential for optimization of cryosurgical procedures. Ultrasound 2 and magnetic resonance imaging 5 techniques have been used to provide such feedback. Otten et al. 7 used optical spectroscopy to detect the onset of the formation of ice during the freezing of muscle. We hypothesize that freezing dynamics can be monitored by optical imaging and now report on the use of optical coherence tomography ͑OCT͒ for real time, high resolution imaging feedback during freezing of tissue phantoms and an in vivo skin model. An advantage of OCT is that it can be incorporated easily into a variety of clinical imaging devices, including microscopes, surgical imaging probes, fiber optic endoscopes, catheters, laparascopes, and needles through which cryosurgery might be performed.
Materials and Methods

OCT System
Images were obtained using OCT, which utilizes broadband light and a modified Michelson interferometer to acquire depth-and time-resolved images of the samples under study. For more details on basic principles of OCT, the reader is directed to Refs. 8 -13 . Briefly, OCT is the light-based analog of ultrasound imaging. Using a superluminescent diode ͑SLD͒, broadband light experiences scattering and absorption events as it propagates through tissue. Since currently available detectors are not fast enough to differentiate between photons backscattered from different depths in tissue, an interferometric-based coherence-gated detection system is required to specify the amount of light backscattered from various depths. By scanning the probe beam laterally, a twodimensional ͑2D͒ cross-sectional image can be obtained.
In our system, the broadband SLD ͑model BBS 1310 B-TS, Advanced Fiber Communications, Petaluma, CA͒ emitted light at a wavelength of 1310Ϯ70 nm. Both axial and lateral resolutions were 10 m. OCT image sequences were acquired at frame rates of 1 Hz. Each image consisted of 2000 depth scans, each of which consisted of 1500 samples.
Experimental Materials
De-ionized water and Intralipid™ ͑Research Biochemicals International, Natick, MA͒ were used as biological tissue-simulating phantoms. Water was used to simulate the high water content ͑ϳ70%͒ 14 of skin. Intralipid is a suspension of lipid globules with an appearance similar to milk that is used as a scattering medium in tissue-simulating phantoms. 15 
Animals
To obtain depth-resolved images of skin during cooling, the in vivo hamster window chamber model was used. 16 -19 Briefly, surgical installation of a dorsal skin fold window permitted observation of full-thickness skin from both the epidermal and subdermal sides. A section for skin flap placement on the back of the animal was selected, surgically scrubbed, shaved, and depilated. Sutures attached to a temporary mount retracted the dorsal skin from the body. A circular section with an approximate diameter of 1 cm was cut from one side of the symmetrical skin fold, thus exposing a thin layer of subdermal skeletal muscle, blood vessels, and subcutaneous tissue of the underlying skin. An aluminum chamber was sutured to both sides of the skin. To prevent dehydration, saline was applied periodically to the subdermal skin. Hamster window surgery was performed as defined by a protocol approved by The University of Texas Animal Use Committee.
Study Design
To evaluate the capability of OCT to image tissue freezing during cryosurgery, we acquired OCT images during liquid nitrogen enhanced cooling of water, Intralipid, and in vivo hamster skin. For the first set of experiments, a block of copper ͑a cube with dimensions of 8 cm͒ was embedded in Styrofoam for thermal insulation ͑Fig. 1͒. A 1.5 cm diam, 6 cm deep cylindrical hole was created on the top surface of the copper block. A second 0.5 cm diam hole was created on the side of the copper block. A thermocouple ͑type K, Omega Engineering, Stamford, CT͒ was inserted into the second hole so that the temperature of the block could be monitored with a digital thermometer ͑Omega Engineering͒. Before the experiments were performed, the block was stored in a Ϫ80°C freezer. In order to achieve a relatively stable block temperature of approximately Ϫ100°C, liquid nitrogen was poured periodically into the top hole. Water or Intralipid was placed in a custom-made sample holder that consisted of two glass slides attached to a thin plate of aluminum. Feeler gauge stock ͑McMaster-Carr, Los Angeles, CA͒ was placed between the slides to achieve a gap of ϳ1 mm. The holder was placed on the cooled copper block and positioned such that the OCT probe beam was scanned along the length of the sample holder, over a lateral distance of 2 mm. OCT images were acquired at one image per minute. The second set of experiments involved application of a liquid nitrogen soaked cotton tipped applicator to the epidermal side of the hamster window chamber preparation ͑Fig. 2͒. The temperature of the applicator was estimated with a digital thermometer. OCT images were acquired from the subdermal side at a frame rate of 1 Hz. To store all images acquired at this frame rate, the number of A scans per image was reduced by a factor of 5 to satisfy acquisition bandwidth limitations.
Results
Freezing of Water and Intralipid
With water, OCT can be used to detect freezing only after the surface has frozen ͑Fig. 3͒. Figure 3͑a͒ shows the OCT imaged surface of the water before freezing. The surface is more clearly defined in the image after freezing ͓Fig. 3͑b͔͒. A freezing front progressing from the copper block top surface towards the water surface was not evident in OCT images, although small local increases in subsurface signal was observed due to reflectance off water-ice boundaries.
Prior to freezing, OCT imaging of Intralipid showed a strong surface reflectance signal with progressively decreasing signal intensity with increasing depth ͓Fig. 4͑a͔͒. These characteristics are also observed in OCT images of biological tissues such as skin ͑Fig. 5, Refs. 8 -13͒. As the freezing front approached the Intralipid surface, icicle-like regions of light scattering were observed ͓Fig. 4͑b͔͒. As the freezing process continued, the surface reflectance increased in intensity and obscured the underlying structural morphology ͓Fig. 4͑c͔͒. Once completely frozen, the Intralipid surface eventually assumed a jagged appearance ͓Fig. 4͑d͔͒.
Freezing of In Vivo Hamster Skin
Upon immersion in liquid nitrogen, the cotton-tipped applicator reached the boiling temperature of Ϫ196°C. After removal and exposure to air, the applicator tip temperature slowly increased. Over the initial 20 s, the measured temperature remained below Ϫ100°C, measured with a thermocouple-based digital thermometer. After immersion and immediate application to skin, the applicator tip temperature was approximately Ϫ80°C.
An OCT image sequence obtained while applying the cotton-tipped applicator to the epidermal surface in the absence of liquid nitrogen ͑i.e., control conditions͒ showed no gross change in OCT signal amplitude ͓Fig. 5͑a͔͒. The images in Fig. 5 appear pointed due to pressure exerted by the applicator on the epidermal surface. Relative changes in skin position were due to slight movement of the experimenter's hand while applying the applicator. OCT skin cross-sectional image sequences were obtained at 1 Hz during liquid nitrogen freezing ͓Fig. 5͑b͔͒. At tϭ6 s, the OCT signal amplitude at the subdermal surface increased, with corresponding decreases at regions closer to the liquid nitrogen source, due to an increase in light remitted from frozen subdermal tissue. The magnitude of these changes increased with the amount of time of liquid nitrogen contact as the freezing process continued.
Discussion
This study on tissue phantoms and in vivo hamster skin demonstrates that OCT can be effective for monitoring progression of the freezing front during cryosurgery. With OCT, local variations in refractive index serve as the primary source of contrast. In most biological tissues, the primary constituents are water and collagen. At the SLD source wavelength of 1310 nm, refractive indices of water, hydrated collagen, and ice are 1.326, 20 ϳ1.43, 21 and 1.296, 22 respectively. From the Fresnel equation of reflectivity, the reflectance of normally incident light off water-ice and collagen-ice boundaries is 1% and 5%, respectively. During freezing of the water ͑Fig. 3͒, a slight increase in the subsurface OCT signal is evident in the sample due to reflectance of light at water-ice boundaries, thereby demonstrating the imaging capability of our system for Fresnel reflectance values as low as 1%.
A comparison of experiments with water ͑Fig. 3͒ and Intralipid ͑Fig. 4͒ further demonstrates the effect of local variations in refractive index on the OCT image appearance. The scattering coefficient of pure de-ionized water is negligible due to the homogeneously distributed refractive index. Thus, OCT images of water ͑Fig. 3͒ are characterized by a relatively strong surface reflectance signal and negligible subsurface signal intensity. On the other hand, Intralipid is a heterogeneous lipid suspension with a high scattering coefficient ͑ϳ400 cm Ϫ1 at 633 nm͒. 15 Thus, OCT images of Intralipid ͑Fig. 4͒ have a relatively strong subsurface OCT signal. During freezing of Intralipid, subsurface changes in the OCT image are clearly evident as the freezing front approaches the air-Intralipid interface: the scattering pattern has a jagged appearance, with finger-like projections of high and low scattering regions. This solidification pattern has been observed in studies on cell freezing and is attributed to preferential freezing front propagation in directions with low solute concentrations. 23 After freezing is complete, the subsurface OCT signal is no longer present; a cue such as this might be used by the clinician as an optical marker of complete tissue freezing during cryosurgery.
To assess the capability of OCT to identify freezing front boundaries, a simple model can be used to estimate the time required to freeze a given thickness of skin. The Planck equation has been used to determine freezing time for food preservation:
where t f is the freezing time ͑s͒, is the density ͑kg/m 3 ͒, L is the latent heat of fusion ͑J/kg͒, T f is the freezing temperature of the object ͑K͒, T ϱ is the freezing medium temperature ͑K͒, a is the characteristic dimension of the object, h is the heat transfer coefficient between the freezing medium and object, k is the thermal conductivity ͑W/m K͒ and P and R are constants that depend on the geometry modeled. For the semiinfinite slab geometry assumed in this model, Pϭ1/2, R ϭ1/8, and a is the object thickness ͓500 m, determined from OCT images of skin in the hamster window chamber model ͑Fig. 5͔͒. Under the assumption that skin thermal properties are similar to those of water, the relevant properties are summarized in Table 1 . T ϱ was selected based on measurements ͑described above͒ of the cotton-tipped applicator temperature after immersion in liquid nitrogen. h was based on measurements performed by Pikkula et al. 25 using cryogen spray cool- ing on an epoxy skin phantom. With these thermal properties, t f is ϳ0.8 s.
A limitation of this simple model is that the time required to cool the object to T f is neglected. To estimate the minimum time required to cool skin at 500 m depth from an initial temperature T 0 to T f , we apply a constant surface temperature (T f ) boundary condition approximation to an analytical heat conduction model, 26 which results in the following equation:
where ␣ is the thermal diffusivity ͑m 2 /s͒. With this equation, T (zϭ500 m,t) is equal to T f after ϳ1.4 s. Therefore, using Eqs. ͑1͒ and ͑2͒, the total time required for freezing a 500 m thick layer of skin is ϳ2 s. From a time-resolved sequence of OCT images during the freezing of skin ͓Fig. 5͑b͔͒, structural changes are apparent ϳ6 s after application of liquid nitrogen with a cotton-tipped applicator. It is important to note that Eqs. ͑1͒ and ͑2͒ represent a simple model in which several assumptions are made, such as constant T ϱ and homogeneous thermal properties. In reality, T ϱ decreases due to heat transfer from the skin and surrounding air to the cotton-tipped applicator. Furthermore, the formation of a superficial frozen boundary layer set at T f ϭ273 K serves to insulate deeper regions of the skin from the colder surface. Both of these factors will effectively increase the time required for freezing. Thus, the fact that the measured and predicted freezing times are on the same order of magnitude is encouraging.
In conclusion, in these studies on water, Intralipid, and in vivo skin, OCT was capable of imaging phase transition dynamics during freezing. For clinical use during most cryosurgery applications, OCT imaging must be done via an interstitial probe. Li et al. 27 demonstrated that OCT imaging can be performed using a 27-gauge needle inserted into the organ of interest. Using such a system might lead to percutaneous, minimally invasive, OCT monitoring of tissue freezing during cryosurgery.
